Food insecurity can be directly exacerbated by climate change due to crop-production-related impacts of warmer and drier conditions that are expected in important agricultural regions [1] [2] [3] . However, efforts to mitigate climate change through comprehensive, economy-wide GHG emissions reductions may also negatively affect food security, due to indirect impacts on prices and supplies of key agricultural commodities [4] [5] [6] . Here we conduct a multiple model assessment on the combined effects of climate change and climate mitigation efforts on agricultural commodity prices, dietary energy availability and the population at risk of hunger. A robust finding is that by 2050, stringent climate mitigation policy, if implemented evenly across all sectors and regions, would have a greater negative impact on global hunger and food consumption than the direct impacts of climate change. The negative impacts would be most prevalent in vulnerable, low-income regions such as sub-Saharan Africa and South Asia, where food security problems are already acute.
, calls for nations to limit global mean temperature rise well below 2 °C above pre-industrial levels by the end of this century, whilst pursuing efforts to limit warming to 1.5 °C. In the past decade, climate-related policies have been implemented and have influenced not only GHG emissions but also energy consumption and agricultural activities. For example, carbon taxes have been introduced in France, the United Kingdom, Japan and some Canadian states; and some large agricultural producers such as the United States, Brazil and EU countries have initiated ambitious biofuel policies in the form of tax exemptions or subsidies, or biofuel blending mandates 8 , leading to the conversion of substantial amounts of crops into fuel. The ambitious GHG emissions mitigation objective of the Paris Agreement is expected to reduce the negative impacts of climate change on agriculture and food production, but may also lead to much larger scale bioenergy plantation expansion and afforestation. This would compete with land and freshwater requirements for food production, with a consequent risk of increasing food insecurity [4] [5] [6] . Moreover, since agricultural production is a primary source of income for many people in developing regions, climate change mitigation targeting emissions-intensive agricultural activities could also exacerbate rural poverty 9, 10 . Many studies have quantified the direct impacts of climate change on agricultural production 1 , markets 2, 11, 12 and food security 3, 13, 14 . For example, a recent global agricultural economic model comparison study 2 found that future climate change lowers major crop yields by 17%, increases market prices by 20% and reduces related consumption by 3% by 2050, after adaptation of production across regions. Another integrated assessment of the impacts of emissions mitigation policies on the agricultural sector consistent with a 2 °C goal 15 shows that land-based mitigation efforts would increase food prices on average by 110% in 2100.
Here we present a model ensemble assessment of the combined effects of climate change impacts and emissions mitigation efforts on food security and hunger. We compare the results of eight global agricultural economic models (Supplementary Table 2 ) on a set of scenarios covering three dimensions. First, selected 'shared socioeconomic pathways' (SSPs): 'sustainability' (SSP1), 'middle-of-theroad' (SSP2) and 'regional-rivalry' (SSP3). Second, climate change impacts on crop yields corresponding to 2 °C and 2.7 °C increases by 2100 from the pre-industrial level (Representative Concentration Pathways RCP2.6 and RCP6.0). Third, climate change mitigation efforts: ambitious climate mitigation policies of a 2 °C scenario (reducing emissions down to RCP2.6 emission levels) versus no climate action 6 . We also present a baseline scenario that assumes the current climatic conditions would prevail in the future (see Methods  and Supplementary Table 1 for scenario architecture).
The selected scenarios allow us to verify the robustness of our results across a wide range of potential future socio-economic developments, to separate the pure effects of climate impacts and of ambitious mitigation efforts, and to keep consistency between severity of climate impacts and emissions mitigation levels in the different agricultural modelling frameworks. All of the models implemented emissions mitigation using a global uniform carbon tax on GHG emissions from different sectors (namely, agriculture, land-use and/or non-agricultural sectors), the most standard 4, 5, 15, 16 . This uniform approach allows models to identify the most cost-efficient emissions pathway for a given climate target, and ensures the comparability of the results across modelling frameworks. Each model then shows specific endogenous responses, which include adjustments to production systems, technologies and food demand and trade, among others. In all models, carbon prices lead to an increase in the cost of production and food prices through three main channels simultaneously: (1) the carbon tax on agricultural GHG emissions directly increases the production costs depending on the GHG intensity of the production 17 ; (2) the carbon tax on the carbon emissions/ sequestration associated with land-use change makes expansion of agricultural land more expensive, and hence leads to higher land rents; (3) the carbon tax induces an increase in the biofuel demand from the energy system, which further increases the demands for land, and hence again pushes the land rents upwards. The resulting increase in food commodity prices decreases food consumption or shifts demand to less expensive food products, with implications for the prevalence of hunger.
For the design of climate mitigation scenarios, only the most efficient emission abatement measures in the long run are considered. Although the implementation of short-term climate policies or current biofuel mandates is technically possible for the models, we do not explicitly consider these policies. For climate change impacts on crop yield, we selected results from five global climate models and three global crop models that were suitable for this study, and selected one global climate and crop model combination for each RCP and each assumption on CO 2 fertilization that is closest to the median at global aggregation 6 . The effects of CO 2 on food production are still disputed, as they increas biomass yields but decrease nutrient content. We assume, similar to earlier work 2 , no CO 2 fertilization effect in the main scenarios (see Methods) but discuss the influence of varying this assumption for our results in Supplementary Discussion 9.
Our analysis shows that by 2050, the potential for a sizeable increase in the risk of hunger is higher in the RCP2.6 scenarios under climate mitigation than in the RCP6.0 scenarios without mitigation in all socio-economic futures and economic models, despite the fact that RCP6.0 scenarios have more severe climate change and greater reductions in crop yields ( Fig. 1a-c ; Supplementary Fig. 11 ). With the SSP2 socio-economic backdrop, the population at risk of hunger in 2050 increases by 24 million (2-56 million: the range represents variation across models hereafter) with the climate impacts of the RCP6.0 scenario, compared with the baseline scenario. This number increases by around 78 million (0-170 million) people with the combined climate impacts and emissions mitigation policies of the RCP2.6 scenario ( Fig. 1a and Supplementary Fig. 14 for the global and regional baseline scenario). Most of the increase in hunger in the RCP2.6 scenarios is caused by the implementation of climate mitigation policies, not the climate change impacts. Also for SSP2, average global caloric availability is lower by 45 kcal per person per day (2-68 kcal per person per day) under the RCP6.0 scenario compared to the baseline scenario, whereas the level is lower by . These results imply that inclusive carbon taxation aimed at ambitious climate policy could largely exacerbate food insecurity by 2050. Such policies increase food prices, decrease food consumption, and put more people at risk of hunger than in a future without these policies. Although changes in international commodity trade flows can help reallocate food from surplus to deficit countries, dampening the increases in food prices and risk of hunger, the adverse effects of mitigation efforts still remain. Our sensitivity analyses using the full range of the climate and crop models selected, with and without CO 2 fertilization effects, lead to similar observations (Supplementary Discussions 8 and 9 with Supplementary Figs. 5 and 6 for the range of model selection and for CO 2 fertilization assumptions, respectively). Figure 2 presents a more detailed analysis of food security implications using several different indicators. Mean dietary energy availability indicates food availability at an aggregated regional level whereas food prices, per-capita food expenditure and the population at risk of hunger indicate food access 18 . Most models agree that mitigation policies linearly increase food prices and expenditure, decrease food availability, and increase the risk of hunger. Mitigation policies contribute to more than half of the overall price increases of crops and livestock products ( Supplementary  Fig. 12 ). In particular, the prices of livestock products increase due to their comparatively higher GHG emission intensity and the higher prices of feed products and land rents both for pasture land and cropland. Price impacts and consequent consumption declines tend to be stronger for livestock products than for staple crops ( Supplementary Figs. 12,13 ).
Regional estimates also deserve specific attention, considering the regional heterogeneity in climate change impacts and vulnerability. In sub-Saharan Africa and South Asia (India and Other Asia; see Supplementary Table 4 for regional definitions), which already have the most acute prevalence of hunger ( Supplementary Fig. 14) , the prevalence of undernourishment increases by 12 and 16 million people in 2050, respectively, on average, across all models in the RCP2.6 and SSP2 scenario (Fig. 3a) . These two regions account for 40% and 20%, respectively, of the global population at risk of hunger under climate mitigation in 2050. Moreover, most models show a great degree of price sensitivity of food demands in low-income regions, compared with high-income regions (Fig. 3b) .
Our findings should not be interpreted to downplay the importance of future GHG emissions mitigation efforts, or to suggest that climate policy will cause more harm than good in general. Instead, this study highlights the need for careful design of emissions mitigation policies in upcoming decades-for example, targeted schemes encouraging more productive and resilient agricultural production systems and the importance of incorporating complementary policies (such as safety-net programmes) that compensate or counteract the impacts of the climate change mitigation policies on vulnerable regions.
Moreover, climate policies can have synergistic effects with food security. For example, taxes on red meat and dairy products are expected to cut emissions and improve nutritional health 19 . Revenue from carbon taxes would bring a new source of income that could be used for food aid programs in low-income nations. Moreover, production systems in food-insecure regions are often less efficient with respect to GHG emissions and resources than those in developed countries. For example, the developing world contributes 75% 
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NATure ClimATe CHANGe of global GHG emissions from ruminants whereas it supplies only half the milk and beef 20 . Thus, the transfer of resource-efficient production technologies, including land-and emissions-saving ones, to developing regions could both contribute to climate mitigation and economic development 4 . Combining climate policies with these other measures could promote food security and simultaneously reduce poverty and improve health conditions, increasing resilience of the food production systems to climate change and contributing to environmental sustainability.
Food security is a multidimensional and multidisciplinary challenge, spanning scales from the global to local levels. In this study, we have focused on analysing the potential consequences of climate change and emissions mitigation policies on two components of food security (food availability and food access) across an intersection of alternative futures in the socio-economic (SSPs), climate (RCPs), and mitigation policy spaces. We used a model ensemble to better assess the uncertainty inherent to the research questions addressed. Our analysis constitutes a first step in understanding important potential trade-offs between efforts to mitigate climate change and to reduce hunger, against a backdrop of a changing climate and dynamic socio-economic conditions.
Although climate change is a global phenomenon, its specific impacts and efforts to mitigate its impacts will be realized at national and local levels. As such, future research will be required to assess the unique local and national challenges to adapting to and mitigating climate change while also reducing food insecurity. The multidisciplinary framework that we have presented will also need to be further expanded to better assess changes to dietary quality and diversity, and their role in human health. Despite the need for further research, we believe this study helps improve understanding of the potential interactions between varied policy objectives within alternative climate, economic and policy futures. In particular, it highlights the need for carefully designed mitigation policies for agriculture and land use, to ensure that progress towards climate stabilization and food security can be simultaneously achieved.
Methods
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Methods
We used eight agricultural economic models or integrated assessment models (IAMs) that sufficiently represent agricultural market and land use to assess the interaction between food security and climate change impact and mitigation. All of the food-related indicators shown in the main text are direct outputs from the models, except the population at risk of hunger. Here, we give scenario settings, data used for scenario runs, model representation of climate policy, and the method to project to population at risk of hunger.
Scenario settings.
To quantify the effects of climate change and mitigation, we develop a set of 12 scenarios combining three socio-economic conditions and four climate change and climate policy dimensions, including a baseline scenario that assumed current climatic conditions would prevail in the future (namely, NoCC) as shown in Supplementary Table 1. For the socio-economic assumptions, we used three SSPs describing 'sustainability' (SSP1), 'middle of the road' (SSP2), and 'regional rivalry' (SSP3) pathways to address the uncertainty of socio-economic conditions. The SSPs are being developed internationally to perform cross-sectoral assessments of climate change impact, adaptation, and mitigation 21 . The SSPs are representative future scenarios, including both qualitative and quantitative information in terms of challenges in mitigation and adaptation to climate change. For climate change and climate policy dimensions, we use four cases: a baseline scenario with no climate changes (NoCC), a climate change scenario where the climate impacts from RCP6.0 were implemented, and climate mitigation scenarios without and with residual climate change impacts. The comparison between baseline and climate change scenarios allows one to extract the pure climate change effects ('Climate effect' in RCP6.0). The difference between scenarios with and without climate policy allows assessment of the effects of ambitious climate policy ('Mitigation effect' of RCP2.6). Comparing scenarios with and without the residual climate effects under climate mitigation allows analysis of the pure residual climate impacts effects on agriculture at 2 °C of warming ('Climate effect' of RCP2.6). For climate condition, we harmonized the exogenous climate impacts on agricultural productivity by using crop yield data under two RCPs-the intermediate climate change pathway (RCP6.0; 2.7 °C increase from the pre-industrial level) and the carbon constrained pathway (RCP2.6), which is often interpreted as a 2 °C goal in line with the Paris Agreement 7 to achieve more than 66% chance to stay below 2.0 °C. RCP2.6 and RCP6.0 are the GHG concentration pathways stabilizing radiative forcing at the end of the twenty-first century at approximately 2.6 and 6.0 W m −2 , respectively 22, 23 . RCP2.6 corresponds roughly to a global mean temperature rise from pre-industrial times to less than 2 °C by 2100 while RCP6.0 has a 2.7 °C rise. In the SSP scenarios 24 , the reference scenarios of most models had forcing levels in 2100 of around 7 W m Socio-economic assumptions and data. Each model changes socio-economic assumptions such as population, gross domestic product (GDP), dietary preferences, agricultural intensification irrespective of climate change, land-use regulation and international trade according to the SSP storylines 15 . All models were run with exogenous GDP and population, which were harmonized across models using the SSP socio-economic data 25 . In SSP2, the global population reaches 9.3 billion by 2050, an increase of 35% relative to 2010, and global GDP triples. For other characteristics captured by SSPs, the modelling teams made their own assumptions on how to best represent the described future trends. It is expected that model results for the same scenario will differ significantly, due to different interpretations and implementations of the SSP storylines across models. The effectiveness of agricultural technologies (for example, improved crops, irrigation expansion, changes in trade) and other socio-economic conditions (for example, population growth and income) can be assessed by comparing results across the SSPs. The models implicitly assume that present-day agricultural policies remain in place through calibration (for example, price wedges based on statistical data 12 ). Although all of the current national agricultural policies and governmental actions were implicitly covered, some of the specific features of these policies, going beyond the relative price difference, were not captured. There are some studies considering the current short-term climate targets (for example. the nationally determined contributions (NDCs)) 26, 27 or the biofuel policies or mandates (for example, the US renewable fuel standard (RFS2) or European Union renewable energy targets in the Renewable Energy Directive (RED)) [28] [29] [30] [31] . Although the implementation of these policies is technically possible for the models used in this study, here we focus on the implications of climate change and emissions mitigation for food security, and do not explicitly consider these policies. More detailed descriptions of the individual models can be found in each model paper shown in Supplementary Table 2 .
Climate change effects on crop yield. In the scenarios with climate change, we used results of the yield change of up to twelve types of crops (maize, millet, rice, wheat, rapeseed, soybeans, sunflower, other oilseeds, cassava, ground nuts, sugar beet and sugar cane) estimated by using the five global earth system or climate models (HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, GFDL-ESM2M and NorESM1-M) contributing to the Fifth Phase of the Coupled Model Intercomparison Project (CMIP5) 32 , and three global crop models (EPIC 33 , LPJmL 34, 35 , pDSSAT 36, 37 ) that contributed to the ISI-MIP fast-track data archive 38 . These three crop models were selected according to data availability of at least four major crop types (rice, wheat, maize, and soybean) for both RCP2.6 and RCP6.0 with and without assuming CO 2 fertilization effects. For the mapping of crops simulated in the crop models to commodities used in the economic models, we apply the same methods as prior AgMIP research 2 (Supplementary Table 5 ). For crops where yield impact data are not available, we used the average yield impacts of the crops with available data (see Supplementary Table 5 ). To input the gridbased yield information into the global models, the gridded yields were spatially aggregated into country or regional values using the present crop-and irrigationsystem-specific areas based on the Spatial Production Allocation Model (SPAM) data base 39 . Direct climate change impacts on livestock and fish production are not considered due to data limitation. Since the portion of the global population that is most vulnerable to food security issues tend to rely mostly on crops for food, this assumption would probably not affect change our findings, but further analysis would be required for confirmation.
Model representation of climate policy. All models implemented a global uniform carbon price on GHG emissions across sectors to represent ambitious mitigation measures. The uniform carbon price ensures cost-effective achievement of emission reduction, but does not necessarily minimize food security. In the models, the carbon price leads to an increase in the cost of production and then food price through three channels: (1) putting carbon taxes on agricultural GHG emissions directly increases the costs of production proportional to the GHG intensity of the production 17 , and therefore food prices; (2) putting carbon taxes on GHG emissions/sinks from land-use change makes expansion of cropland expensive, and hence leads to higher land rents and food prices; (3) putting carbon taxes on the energy sector leads to increased demand for biomass for energy use, which also demands land, pushing land rents upwards. Increase in the cost leads to increased food market prices, which in turn lead to reduction in consumption. In addition, in the whole-economy integrated assessment models, the carbon price may also lead to (4) renewable energy implementation, (5) substitution of energy with capital, (6) use of carbon capture and storage technology, and (7) implementation of mitigation abatement technologies to reduce emission intensities. Some models (for example, AIM, GCAM) apply exogenous marginal abatement cost curves to represent technological reduction in the emissions intensity of agricultural production, reducing the degree to which the mitigation policies impact modelled prices and production levels. Carbon prices may also induce a shift to a low-emission industrial structure, which, in AIM, will lead to GDP losses and decreased wages and household incomes. Consumers respond to the price increase and income loss by decreasing consumption and shifting to less expensive goods. In most models, carbon tax revenue stays outside of agricultural sectors both on the producer and consumer sides, and is not properly redistributed to affected people. Mitigation options, carbon price, amount of emission reductions in agriculture and land-use, and emissions coverages were not harmonized across models due to the complexity of the models involved (see for carbon price and the fraction of GHG reduction in Supplementary Fig. 8 ). See Supplementary Table 1 for the detailed information of representation of climate change and climate policy in each model.
Our results illustrate how the approach chosen here for implementing emissions mitigation-a global uniform carbon tax on all regions and sectors-can generate negative impacts on low-income regions. On the other hand, outright exclusion of selected regions and/or sectors has been shown to require much larger and often very costly emissions reductions from the balance of the system, and for ambitious mitigation targets (for example, 2 °C), significant exemptions to the policy may put the mitigation goals out of reach [40] [41] [42] [43] [44] .
Baseline (non-climate-related) agricultural productivity changes. Baseline (nonclimate-related) agricultural productivity changes (for example, from research and extension efforts) were assumed in each model in their own way by changing parameters in line with the SSP storylines and reflecting a wide range of technology developments, such as increasing fertilizer input, improving management or varieties, and expanding irrigation 45 . Supplementary Fig. 10 reports the resulting yield changes between 2005 and 2050 for selected crops in selected countries that exclude the impacts of climate change. To calculate those impacts on crop yields, the changes in crop yield due to climate change under different climate scenarios (RCPs) are input to the models as a change ratio from the no-climate-change level.
Agricultural economic market. All of the models have in common that they contain agricultural markets with different representations and parameterizations of biophysical and socio-economic processes. Here we focus on the endogenous response to the given changes in the underlying socio-economic conditions, climate impacts, and mitigation policy. For the demand side, the population and income growth increase food demand, shift the demand curve to the right and raise prices. Responding to the higher price, producers increase their production through expanding crop cultivated area and pasture and increase land productivity (production per unit land area) while consumers decrease their consumption or shift to less expensive goods. Some people might consume insufficient food and face the risk of hunger. Trade globalization helps reallocate supply and demand, decreases food prices and contributes to a lower risk of hunger. In the same way, decreases in crop yields due to climate change shift the supply curve to the left, thus decreasing food supply, raising prices, and resulting in the same responses to the high price.
Agricultural commodity prices are endogenously determined under the supply and demand functions, which vary among models due to different functional forms, as well as their parameters such as production cost and demand elasticity-this would not allow for a precise harmonization. For supply side, the models represent dynamic changes in production cost and inputs. Economic growth increases resource-use efficiency and labour productivity, which in turn contributes to decreased crop production cost and price. High pressure on land, which is one of the inputs to agricultural production, eventually leads to high land rent and raises prices. For the demand side, the given population and income growth boost food demand based on income elasticity either implicitly or explicitly represented in each model, shifting the demand curve to the right, and thus raising prices. Under a climate policy, the carbon price is placed on emissions from agricultural production and emissions from land-use change, increasing food price. The implementation of land-based mitigation such as bioenergy deployment disincentivizes the use of land for food crop production, thereby increasing land rent and crop prices.
Methods to estimate the population at risk of hunger. To project population at risk of hunger, we adopt an implementation of the FAO's approach 46 in the agricultural economic models previously employed by Hasegawa and colleagues 5, 47 . The definition of hunger is a state of energy (calorie) deprivation lasting over one year; this does not include the short-lived effects of temporary crises, nor does it include inadequate intake of other essential nutrients 48 . The population undernourished is a multiple of the prevalence of the undernourishment (PoU) and the total population. According to the FAO, the PoU is calculated from three key factors: the mean dietary energy availability (kcal per person per day), the mean minimum dietary energy requirement (MDER), and the coefficient of variation (CV) of the domestic distribution of dietary energy consumption in a country. The food distribution within a country is assumed to obey a lognormal distribution which is determined by the mean dietary energy availability (mean) and the equity of the food distribution (variance). The proportion of the population under the MDER is then defined as the PoU. The calorie-based food consumption (kcal per person per day) output from the models was used as the mean dietary energy availability. The future mean MDER is calculated for each year and country using the mean MDER in the base year at the country level 18 , adjustment coefficient for the MDER in different age and sex groups 49 and the future population demographics 25 to reflect differences in the MDER across age and sex. The future equality of food distribution was estimated by applying the historical trend of income growth and the improved CV of the food distribution to the future so that equity is improved along with income growth in the future at a historical rate up to the present best value (0.2). See Hasegawa et al. 5 for more information.
Data availability. Scenario data for all the scenarios will be made accessible online via the repository: http://data.europa.eu/89h/b6722b2e-483b-4f2e-ab45-4eb518939134.
